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Abstract. In the first part of this paper, the photovoltaic (PV) panel-to-DC/DC 
converter interface will be studied experimentally and by simulation. Quantities will be 
defined to characterize the properties of the signals being DC with proper AC 
component due to the switching in the converter. In the second part an improved 
maximum power point tracking (MPPT) algorithm and also the results of its 
implementation into the standalone PV system were presented. Robustness of the 
improved MPPT algorithm will be studied regarding changes of the load to the 
converter and the illumination of the PV panel. 
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1. INTRODUCTION 
The benefits of solar energy usage include clean and sustainable electricity to the 
world while the carbon footprint of PV (photovoltaic) systems is decreasing every year. 
PV systems can provide clean power for large, as well as small applications. They are 
already installed and generating energy around the world on individual homes, housing 
developments, offices and public buildings. 
The optimal design of modern PV oriented power systems as part of the Smart Grid 
concept [1], however, may be accomplished only by proper modelling and simulation of 
entire PV – electronic power system.  
Our main interest in our previous work was to search for application of dynamic mod-
elling of the PV system. A large set of published results was consulted, to mention only a 
few of them [2]–[7], and we came to a conclusion that no dynamic circuit modelling was 
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exercised at all. In fact, under dynamic modelling of PV systems thermal transient analy-
sis was understood. 
Trying to establish some influence to the PV system design chain, in our recent pro-
ceedings [8], [9] we proved by simulation and measurements that the interface of the 
photovoltaic (PV) panel and the DC/DC converter is by no means a circuit with simple 
signals. Namely, as it is the case in the AC branch of the electricity distribution chain 
where the sinusoidal waveforms are distorted by nonlinear loads [10], here, due to the 
commutations within the converter, the current, or better to say, energy taken from the 
PV panel, is not constant and has a pulse shaped waveform. As a consequence, the 
current, voltage, and power waveforms at the PV panel's output have an AC component 
that is to be identified and its effects should be studied. Usually that interface is equipped 
by an electrolytic capacitor of a large capacitance that is supposed to short-circuit the AC 
component of the interface voltage. Its AC current sinking capacities, however, were 
shown to be limited and the AC component was not eliminated. Furthermore, real 
capacitors exhibit series resistance and inductance that influence the resulting voltage at 
the basic and harmonic frequencies of the main switches within the converter. It is 
needless to say that all – the capacitance, inductance, and resistance of the electrolytic 
capacitor are strongly temperature dependent and subject of aging. Altogether, because of 
the alternating component of the PV panel output voltage that comes from the converter, 
the PV-panel's working point is taken out of the maximum power point with high 
frequency and with amplitude that can reduce the output power, so in this paper we will 
present a control system that establishes maximum power. 
After describing the measurements performed and results obtained, we will here create a 
simulation setup in order to generate quantitative characterization of the variables encountered 
at the PV-panel-converter interface. Quantities such as current and voltage ripple will be de-
fined and calculated. Accordingly, power efficiency will be analysed and quantified. 
The paper is organized as follows. The characterization of the system under consider-
ation will be discussed first. Further, measurement and corresponding extracted data will 
be given. In the second and the third section DC and AC characterization of the PV panel 
will be deliberated. The interface will be characterized in the fourth section. Definitions 
will be introduced for quantities expressing the properties of the interface. Dependences 
of these quantities on the PV current will be extracted by simulation. 
In the fifth section we will describe the most frequently used algorithm for MPPT 
named Perturb and Observe (P&O) as described in [7,8,9]. A minor improvement of the 
way how the algorithm is expressed will be introduced, leading to a Modified Perturb and 
Observe (MP&O) algorithm. This topic is presented in detail in [11]. Finally, in the sixth 
section, the MPPT system will be implemented in a standalone PV system, so the simula-
tion results verifying the new algorithm reported will be introduced. For the first time, in 
this paper we will present how our control system behaves when output resistance of the 
whole PV system changes. We will show here that our system adjusts very well to re-
sistance increase, as well as to its decrease.  
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2. DC CHARACTERIZATION OF THE PV SYSTEM 
In this paper, a real system built of a solar panel, DC/DC converter, the MPPT sub-
system and a resistive linear load will be considered. The system is schematically repre-
sented in Fig. 1. 
Most of the parts of the PV system depicted in Fig. 1 are already modelled and simu-
lated in SPICE e.g. [4-6]. There is no, however, published results reporting SPICE 
modelling and simulation of the MPPT circuit. By creation of such a model, we expect, 
one will be capable to simulate and design the whole standalone system, hence the im-
portance of our work. 
 
Fig. 1 Representation of the PV system to load connection 
A function of a PV cell is simple: it converts the energy of light directly into electrical 
energy by the photovoltaic effect, first observed by E. Becquerel in 1839. When there is a 
load connected to the cell, electric current will flow, without any external voltage source. 
PV cells are based on a variety of light-absorbing materials, including mono-crystalline 
silicon, polycrystalline silicon, amorphous silicon, thin films such as cadmium telluride 
(CdTe) and copper indium gallium selenide (CIGS) materials, as well as organic/polymer-
based materials. 
The PV cells are connected together into columns (cells connected in series) and rows 
(columns connected in parallel) in order to get appropriate values of output voltage and 
current, respectively. The structure obtained is mounted on panels, hence the name. Fig. 2 
depicts a typical DC characteristic of a small panel. Here the output current and power of 
the panel are shown as functions of the panel output voltage. MPP stands for Maximum 
Power Point. 
The characterization of the system depicted in Fig. 1 was performed using a PV panel 
consisting of 18 cells connected in two equal columns. The Mean Well NSD15-S [12] 
converter was used. Resistor denoted by RP was used as a variable load. Its lowest re-
sistance values were limited by the modest driving capabilities of the DC/DC converter. 
For characterization of the system the following dependences were measured as a 
function of the load resistance: the output DC current, the output DC voltage, the output DC 
power, the input DC power; providing possibility for converters efficiency to be computed. 
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The measurements are performed using PC running virtual instrument with National 
Instruments cDAQ-9174 USB chassis [13]. The chassis is equipped with two data acqui-
sition modules: NI9225 and NI9227. NI9225 has three channels of simultaneously sampled 
voltage inputs with 24-bit accuracy, 50kSa/s per channel sampling rate and 300VRMS range 
[14]. NI9227 is four channels input module with 24-bit accuracy, 50kSa/s per channel 
sampling rate, designed to measure 5ARMS nominal and up to 14A peak on each channel [15]. 
 
Fig. 2 Measured PV current and power as a function of the voltage of a PV cell  
 
Fig. 3 The output DC current of the system as a function 
of the load to the system under full insolation 
The voltages and the currents are sampled directly at the input and output points of 
the DC/DC converter (Fig. 1). Virtual instrument calculates power and power efficiency 
in real time, as well as other parameters that will be defined in this paper. It also performs 
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FFT analysis of sampled signals. Virtual instrument is implemented using National In-
struments LabVIEW development package [16]. 
All these dependences are depicted in Fig. 3 – Fig. 5. The measurements were under-
taken at noon of the (sunny) April 20, 2012. The panel was positioned for best incident 
angle of the incoming light. As it can be seen from the diagrams, the input voltage is 
practically independent of the load, while the input and the output power are decreased 
when the load resistance is raised. That, in a smaller scale, stands for the efficiency of the 
converter. 
 
Fig. 4 The output DC voltage of the system as a function 
of the load to the system under full insolation 
 
Fig. 5 Input and output DC power of the converter as a function 
of the load to the system under full insolation 
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3. DESCRIPTION AND AC CHARACTERIZATION OF THE PV PANEL 
The fact of crucial importance for this paper is that when measurements with high 
insolations were done no alternating component of the panel's current and voltages were 
observed. That was in contrast to the expectations based on the results obtained by simu-
lation. 
 
Fig. 6 PV panel's output and the inverter's input current as a function of time  
or measurement under cloudy weather, RP = 100 Ω 
 
Fig. 7 PV panel's output and the inverter's input voltage  
as a function of time for measurement under cloudy weather, RP = 100 Ω 
New measurements were performed, however, in a cloudy day. Completely different 
results were produced by the absolutely same measurement setup. Namely, both the PV 
panel's current and voltage got a significant AC component due to the decrease of the 
photovoltaic current and the relative rise of its component that is driving the internal di-
ode of every PV cell in the panel. In that way the output resistance of the PV panel is 
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raised and the converter currents produce a voltage drop on it that is time dependent. All 
this may be recognized from Fig. 6 and Fig. 7 where the measurement results are de-
picted. Fig. 6 represents the current that is leaving the PV panel and entering the con-
verter as a function of time. As it can be seen, a considerable AC component with higher 
harmonics may be observed with the main constituent at the converters switching fre-
quency. 
Similarly, Fig. 7 represents the PV panel's output and the inverter's input voltage as a 
function of time for measurement under cloudy weather. Here again, significant AC com-
ponent is observed. To quantify, Fig. 8 depicts the spectrum of the signal from Fig. 7. As 
it can be seen the DC component is only 12 dB larger than the first harmonic, while the 
rest of the harmonics are not easily negligible. 
 
Fig. 8 Spectrum of the PV panel's output and the inverter's input voltage  
as a function of frequency for measurement under cloudy weather, RP = 100Ω 
4. QUANTIFICATION OF THE PROPERTIES OF THE PV PANEL- CONVERTER INTERFACE 
To get a realistic representation of the properties of the PV panel – converter interface 
we here introduce several definitions. In that way evaluation of the quality of the 
interface will be enabled. To do that we use the above mentioned panel. For a set of 
values of the photocurrent the optimum value of the duty cycle was adjusted to a value, 
so that the input resistance of the converter is equal to the equivalent output resistance of 
the solar panel at the MPP. For that value the voltage and current at the interface were 
produced by simulation in time domain. 
A PV cell is usually modelled by a light-induced current source, IP, in parallel with a 
diode. The output of the current source is proportional to the light flux falling onto the 
cell. The diode determines the I – V characteristics of the cell. Because of material de-
fects and ohmic losses in the cell substrate material as well as in its metal conductors, 
surface, and contacts, the PV cell model also must include series and shunt resistance, 
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respectively, to account for these losses. The series resistance is a key parameter because it 
limits the maximum available power and the short-circuit current of the PV cell [2], [17]. 
Fig. 9 depicts the steady state current-voltage relationship for a large value of the 
photocurrent. 
 
Fig. 9 Chaotic diagram representing the current voltage relationship  
at the PV panel - converter interface for IP = 1.3A 
Similarly, Fig. 10 represents the average value of the instantaneous power in steady 
state. Based on these simulations the following is introduced. 
 
Fig. 10 Average value of the instantaneous power in steady state 
at MPP as a function of irradiation (here represented by the photocurrent) 
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Let the measured waveforms at the PV panel-converter interface be the voltage v(t) 
and the current i(t).  
The DC components of the voltage and current are calculated as: 
 
τ T
DC
τ
1
( ) d
T
k
V v t t
k

   (1) 
and 
 
τ T
DC
τ
1
( ) d
T
k
I i t t
k

   (2) 
Here k is to be kept as small as possible. It would be the best to have k=1 but since the 
sampling usually does not match exactly the period, to reduce the numerical error, one 
should use a slightly larger value, k=3 for example. 
The voltage ripple factor is defined as  
  AC m TOT DC100 / % ,vr V V   (3) 
where 2AC m TOT ACm iV V  , while VACmi is the amplitude of the i
th
 harmonic of v(t). As 
the first harmonic is the one having the frequency of the switching signal, only the first 
harmonic is taken into consideration.  
Similarly the current ripple factor is determined as 
  AC m TOT DC100 / % ,ir I I   (4) 
where 2AC m TOT ACm iI I  , while ACm iI is the amplitude of the i
th
 harmonic of i(t). The 
dependence of rv and ri on the photocurrent under optimal power transfer conditions is 
depicted in Fig. 11. 
 
Fig. 11 The voltage ripple factor (rv), the current ripple factor (ri), of the PV-panel as 
a function of irradiance. MPP (optimum duty cycle) kept for every value of IP. 
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The average of the total power is obtained from: 
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   (5) 
while the DC power is  
 .DC DC DCP I V   (6) 
Fig. 10 depicts 
TOT AVP as a function of the illumination. The residue is defined by the 
difference: 
 
RES TOT TOT AV DCP P P   (7) 
This will be referred to as residual total power. This is an important quantity repre-
senting the energy oscillating between the PV panel and DC/DC with no positive effects 
on the energy balance. 
The AC components of the voltage and current at the PV panel-converter interface are 
defined as 
 AC DC( ) ( )v t v t V   (8a) 
 AC DC( ) ( )i t i t I   (8b) 
These definitions allow for computation of the average power related to the AC com-
ponents only: 
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It will be referred to as AC power. Substituting AC ( )v t  and AC ( )i t from (8a) and (8b) 
into equation (9) implies: 
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leading to: 
 
AC TOT AV DC RES TOT .P P P P    (10b) 
Having this result in mind, from now on, the AC power will be used only as the quan-
tity defining energy balance.  
The AC power factor is:  
  AC AC tot av100 /  %  .P P    (11) 
The dependence of this quantity on the photocurrent is depicted in Fig. 12. One may 
observe that the largest value is obtained at very low illumination. Note the absolute 
value is small, almost negligible, what is a consequence of the fact that PAC is obtained as 
a product of the AC components that constitute small amount of their DC counterparts as 
can be seen from Fig. 12. Its value for ideal conditions should be zero. 
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Fig. 12 ηAC as a function of IP at MPP 
Finally, we define the balance factor as: 
 
AC DC 1 / .P P    (12) 
Its value under ideal conditions should be equal to unity. 
5. MPPT ALGORITHMS 
All previous calculations and dependences were done under one condition: MPP 
(maximum power point, i.e. optimum duty cycle) kept for every value. Keeping MPP at 
optimum value would be easy if there are no reasons for maximum power point migration 
during the operation of the PV system. 
But, it can be shown that MPP migrates slightly due to the change of the output re-
sistance of the panel [18]. Also, there exists the migration of the MPP with changes of the 
temperature [19]. Due to these reasons every PV system is equipped with a specific cir-
cuitry which controls the duty cycle of the pulse train controlling the switches within the 
converter (inverter). These changes lead to changes of the input resistance of the con-
verter and if the control is properly tailored the PV panel will be kept in a position to de-
liver maximum power to the converter. 
There are several techniques and algorithms in the literature enabling implementation 
of the idea of tracking the MPP. Among them the most popular is the so called Perturb 
and Observe (P&O) which is depicted in Fig. 13 [20, 21]. It can be seen from the Fig. 13 
that as a result a fixed increment of the PV panel voltage is produced after each sampling 
period. This increment is actually used to forward information to a pulse width modulated 
oscillator in order to control its duty ratio. 
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Fig. 13 The perturb and observe algorithm 
There exist four branches in this algorithm leading to different signs of the increment: 
positive or negative. In the cases: (PkPk-1>0 & VkVk-1>0) and (PkPk-1<0 & VkVk-1<0) 
the increment is positive. The value of the increment is negative if (PkPk-1<0 &  
VkVk-1>0) and if (PkPk-1>0 & VkVk-1<0). These two statements imply that the sign of 
the increment is in fact associated to the sign of Qk=(PkPk-1)*(VkVk-1). If Qk>0 the 
increment is positive and if Qk<0 the increment is negative. This conclusion simplifies the 
whole diagram and the electronic circuitry implementing the algorithm. 
We can notice that this algorithm is generating an increment no matter how large the 
differences (PkPk-1) and (VkVk-1) are, what, generally speaking, for small differences, 
may lead to a change in the duty cycle that is larger than necessary, what can even be-
come counterproductive leading the quiescent point out of MPP region. 
If we consider this disadvantage of the algorithm, we will try to find a better solution, 
so we propose a modification of the previously described algorithm, depicted in Fig. 14. 
In this algorithm, after calculation of Qk, we first make a comparison with a threshold 
value Qref. If |Qk| is not larger than Qref there is no need for change of the duty cycle. 
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Fig. 14 The modified perturb and observe algorithm 
But, if it is larger, the sign of Qk is used to determine the sign of the voltage increment. 
The implementation of this idea is leading to one more benefit: by proper choice of 
Qref and V, larger voltage increments may be implemented, i.e., we can expect faster 
recovery of the MPPT. 
6. IMPLEMENTATION INTO THE SYSTEM AND SIMULATION RESULTS 
The SPICE implementation of the algorithm in Fig. 14 is given in [11]. We will not 
describe its realization here in a detail because this was previously done, but we will con-
centrate to its implementation in a complete PV system and the results of this implementation. 
In Fig. 15 we can see the pulse width modulated signal that is in fact output of our 
MPPT system. That is the signal that defines the switching frequency of the converter. We 
notice from the figure that its width is 0.65 (pulse width is 1.3*10
-5
s, and the period is 2*10
-
5
s), and this is the optimal width for the case when input photocurrent is 1.3A. For some 
other illumination, the pulse width is different, what is in fact the goal of the system- to 
produce the pulses controlling the system, so the system reaches maximum power.  
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Fig. 15 Pulse width modulated signal at the output of MPPT system 
In the Fig. 16 we can see the instantaneous power at the panel-converter interface for 
that case (when input photocurrent is 1.3A), and we checked using simulations and cal-
culations that it is really maximum power (9.6W) for that value of illumination. 
 
Fig. 16 Instantaneous power at the panel-converter interface for IP = 1.3A 
For other illumination value (when input photocurrent is 0.6A) we also checked the 
system, and we can see results in Fig. 17. We also obtained maximum power for that 
value of illumination. 
 
Fig. 17 Instantaneous power at the panel-converter interface for IP=0.6A 
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Further, we examined our system operation in the situation, when there is a change of 
the output resistance. As it may be seen the MPP migrates slightly due to the change of 
the output resistance of the panel [17].  
From the Fig. 18, we can see that when output resistance is decreased (10% - from 
115.5Ω to 104Ω), the power also decreases. The value of 115.5Ω is adjusted so the sys-
tem produces maximum power. With another output resistance, the MPPT migrates, so 
the power at the panel-converter interface decreases. The value of that power cannot in-
crease for any change in the system because its maximum value is for the output re-
sistance value of 115.5Ω. 
 
Fig. 18 Instantaneous power at the panel-converter interface  
when RP changes from 115.5Ω to 104Ω (IP=0.6A) 
 
Fig. 19 Instantaneous power at the panel-converter interface 
when RP changes from 115.5Ω to 127Ω (IP=0.6A) 
In Fig. 19, we checked the output resistance increase (also 10%), and the situation is 
similar. There is a slight change of the power, but it decreases again, what was expected.  
Finally, in Fig. 20 we present a situation when the output resistance is dramatically 
decreased (from 115.5Ω to 50Ω), so the power decrease is evident because of the system 
disorder.  
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From the last three figures we can conclude that our system behaves correctly in the 
situations when output resistance is from some reason changed. 
 
Fig. 20 Instantaneous power at the panel-converter interface  
when RP changes from 115.5Ω to 50Ω (IP=0.6A) 
7. CONCLUSION 
After characterization of the PV system and panel-converter interface, we demon-
strated improvement of the MPPT algorithm in this paper. Then we considered its imple-
mentation into the PV system. Simulation results show that MPPT controller shows good 
results in obtaining maximum power at the panel-converter interface, for the optimum 
value of the output resistance, as well as when the output resistance dynamically changes. 
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